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Abstract
Aim/hypothesis Postpandrial hyperglycaemia is a significant
risk factor for the development of macrovascular diseases.
There is no clear agreement in the field whether these
alterations result from hyperglycaemic episodes or from
exaggerated alterations (‘glycaemic swings’) in blood
glucose. We compared the effect of stable high glucose with
a model of poorly maintained insulin-controlled diabetes (on
average lower glucose, but with large glycaemic swings) on
the development of endothelial dysfunction in rats.
Methods Intermediate- or long-acting insulin was used to
reduce mean blood glucose levels. One group of animals had

stable low glucose levels, while animals in the other group
exhibited rapid changes (‘swings’) in their blood glucose
concentration. Acetylcholine-induced endothelium-dependent
vascular relaxation of the thoracic aorta was measured.
Immunohistochemistry, western blot analysis and flow
cytometry were used to determine nitrotyrosine formation
and poly(ADP-ribose) accumulation in the aorta, in circulat-
ing leucocytes and in bone marrow cells.
Results Steady normalisation of blood glucose levels (a
model of well-controlled diabetes) protected against the
development of endothelial dysfunction, poly(ADP-ribose)
polymerase (PARP) activation and nitrotyrosine production.
However, impairment of endothelium-dependent relaxation
was found in the animals undergoing glycaemic swings,
even though the fructosamine levels in these animals were
lower than in the untreated diabetic rats. This was
associated with elevated PARP activation in the aorta and
in bone marrow cells that was similar to or even more
pronounced than that seen in the untreated diabetic animals.
Conclusions/interpretation Large glycaemic swings exert
deleterious cardiovascular effects in diabetes mellitus, in
part via enhanced activation of the PARP pathway.
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PAR Poly(ADP-ribose)
PARP Poly(ADP-ribose) polymerase
PGC Poor glycaemic control
R1 Region 1 on flow cytometry
RT Room temperature
STZ Streptozotocin

Introduction

Micro- and macrovascular disease remains a worldwide
problem responsible for the higher morbidity and mortality
of type 1 and type 2 diabetic patients. Postprandial
hyperglycaemia is a strong and independent risk factor for
the development of macrovascular diseases, not only in
diabetic patients but also in individuals with impaired
glucose tolerance, and even in healthy individuals [1–5].
Although marked postprandial hyperglycaemia is a typical
feature of diabetes, it is not necessarily reflected in plasma
fructosamine or HbA1c levels [6–9]. While it is known that
postprandial plasma glucose spikes are important factors in
the development of vascular complications and reduced
beta cell function in diabetes [8], the underlying cellular
and molecular mechanisms are incompletely understood.

Reactive oxygen and nitrogen species contribute to the
development of various complications of diabetes mellitus
(DM), among others, macrovascular diseases [10–16]. In
response to hyperglycaemia or diabetes, or its in vitro model
(high glucose concentration in endothelial cells) the genera-
tion of multiple reactive oxygen and nitrogen species occurs.
Superoxide reacts with nitric oxide (NO) to form the toxic
oxidant peroxynitrite. A characteristic reaction of peroxyni-
trite and related reactive nitrogen species is the nitration of
protein tyrosine residues [11, 13, 17]. Peroxynitrite and
hydroxyl radicals are potent inducers of DNA single-strand
breakage. DNA single-strand breakage is the obligatory
trigger of the activation of the nuclear enzyme poly(ADP-
ribose) polymerase (PARP). PARP uses NAD+ as a substrate
to form poly(ADP-ribose) (PAR), and plays a role in
numerous physiological mechanisms such as DNA repair,
regulation of genomic stability, gene expression etc. The
enzyme also PARylates itself in an automodification reaction;
auto-PARylation of PARP-1 represents a major regulatory
mechanism. While auto-PARylation is necessary for the
recruitment of DNA repair enzymes [18], by electrostatic
repulsion it inhibits DNA binding [19] and downregulates
enzyme activity [20]. As PARP uses NAD+ as substrate,
overactivation may result in rapid depletion of intracellular
NAD+ and ATP, leading to cell dysfunction and necrotic cell
death [11, 13, 17, 20]. Peroxynitrite formation and PARP
activation play important roles in the pathogenesis of diabetic
complications [11–13, 21].

In cultured human umbilical endothelial cells, oscillating
glucose triggers a higher degree of peroxynitrite generation
than stable high glucose [22]. In the present study we
compared stable high glucose with on the average lower,
but rapidly changing, blood glucose (modelled by inducing
insulin-mediated rapid ‘glycaemic swings’) with respect to
their ability to induce endothelial dysfunction in diabetic
rats. We have examined whether correlation exists between
the dynamics of blood glucose level, arterial dysfunction
and oxidative–nitrosative stress and PARP activation in the
vessel wall. We have also tested whether there are signs of
nitrosative stress and PARP activation in circulating leuco-
cytes and bone marrow cells. The results of the current study
are consistent with the notion that in the current experimental
model large glycaemic swings associated with insulin
therapy are more deleterious than steadily elevated glucose
levels, and these deleterious effects are a consequence of
increased PARP activation.

Methods

All investigations conformed to the Guide for the Care and Use
of Laboratory Animals published by the National Institutes of
Health (NIH Publication No. 85-23, Revised 1985), and were
approved by the local Animal Use Committee.

Animals Nineteen age-matched male Wistar rats (Toxicoop,
Budapest, Hungary) weighing 380-480 g were administered
70 mg/kg streptozotocin (STZ) i.v. From the 14th day we
started insulin therapy: the first group received 60 U/kg of
intermediate-acting (lente) glargine insulin (Sanofi Aventis,
Paris, France) s.c. daily, every afternoon at 17:00 hours (DM
with good glycaemic control [DM-GGC] animals, n=6). The
second group was treated with 60 U/kg long-acting (ultra-
lente) insulin (Novo Nordisk, Bagsvaerd, Denmark) s.c. on
every second day at 17:00 hours (DM with poor glycaemic
control [DM-PGC] animals, n=7). Six diabetic animals were
left untreated (DM group). The age-matched control group
received the vehicle of the drugs (control, n=7; Fig. 1).

After 10 days of insulin treatment, blood glucose levels of
every rat were monitored for 48 h; the collection of samples
started immediately before insulin dosage and was repeated
every 6 h. The total glucose AUC was computed using the
trapezoidal rule. After 2 weeks of insulin treatment, the rats
were anaesthetised with i.p. thiopental sodium and were killed
between 08:00 and 10:00 hours. (The DM-PGC rats were
killed 1 day after insulin injection.) Thoracic aorta, blood and
bonemarrowwere harvested for further measurements. Serum
fructosamine concentration was determined by an enzymatic
colorimetric assay (Boehringer Mannheim, Philadelphia, PA,
USA). PARP activation was measured using methods based
on the immunohistochemical detection of PAR.
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Measurement of isometric force on aortic rings of rats The
method to determine endothelium-dependent vascular relax-
ation in thoracic aortic rings has been described previously
[11]. Briefly, the thoracic aorta was cleared from periadven-
titial fat and cut into 2–3 mm width rings, mounted in organ
baths filled with warmed (37°C) and oxygenated (95% O2,
5% CO2) Krebs solution (CaCl2 1.6 mmol/l; MgSO4

1.17 mmol/l; EDTA 0.026 mmol/l; NaCl 130 mmol/l;
NaHCO3 14.9 mmol/l; KCl 4.7 mmol/l; KH2PO4

1.18 mmol/l; glucose 11 mmol/l). Isometric tension was
measured with isometric transducers and registered (Kipp &
Zonen BD300, Bohemia, NY, USA). A tension of 1 g was
applied and the rings were equilibrated for 60 min. Fresh
Krebs solution was provided at 20 min intervals. After
equilibration the contractile response of arterial rings to a
depolarising solution of a modified Krebs solution enriched
in K+ was first tested to evaluate their functional integrity.
Increasing doses of phenylephrine (10−8–3×10−5 mol/l) were
used to determine contraction capability. For the measure-

ment of endothelial functionality, rings were pre-contracted
with phenylephrine (10−6 mol/l) and then dose–response
curves to acetylcholine (1×10−8–3×10−5 mol/l) were
constructed. Increasing doses of sodium nitroprusside (1×
10−8–1×10−5 mol/l) were used to check NO-dependent
vasodilatation. Experiments were conducted in eight to ten
rings (four or five animals) in each experimental group.
Contractile responses to phenylephrine were expressed as a
percentage of K+-induced contractions. Relaxations were
expressed as a percentage relative to the pre-contraction
achieved by phenylephrine.

Flow cytometry PARP activation in circulating cells was
measured using a flow cytometric method based on the
immunohistochemical detection of PAR, as described
previously [23]. Briefly, circulating leucocytes were isolat-
ed from whole blood using Histopaque-1083 (Sigma, Saint
Louis, MO, USA) according to the Users’ Manual. After
the fixation and permeabilisation of the cells with a
Cytofix/Cytoperm Fixation/Permeabilization Solution Kit
(Becton Dickinson, San Jose, CA, USA), monoclonal
mouse anti-PAR antibody (1:100, 30 min, 4°C; Tulip
Biolabs, West Point, PA, USA) was used as primary
antibody. After the fixation, all procedures were performed
in Cytoperm solution (Becton Dickinson). Purified mouse
IgG3κ isotype control (anti-keyhole limpet haemocyanin)
antibody (Beckton Dickinson) served as isotype control.
FITC-conjugated anti-mouse immunoglobulin specific
polyclonal antibody (multiple absorptions) (1:500, 30 min,
4°C; Beckton Dickinson) was used as secondary antibody.
Flow cytometry was performed on single-cell suspensions
of rat leucocytes using a FACSCalibur (Becton Dickinson).

Region 1 (R1) was defined as containing cells having
typical forward scatter and side scatter properties of
lymphocytes. Isotype control-stained cells served as a
negative control for each sample. Fluorescence data were
collected using logarithmic amplification until we reached
10,000 counts of R1 cells. On the PAR histograms the gate
was R1.

Western blot analysis The aortas of the rats were dissected
and homogenised using a Teflon homogeniser in protein lysis
buffer containing 20 mmol/l TRIS–HCl (pH 7.5) and
1 mmol/l EGTA and 1 μl/ml protein inhibitor mix (Sigma).
The homogenates were centrifuged at 700 g for 10 min at 4°C.
The supernatant fraction was removed and used for western
blot analysis. The same amount of protein (20 μg) was
applied to each lane and confirmed with Ponceau-BS (Sigma)
staining. Proteins were separated by 10–15% SDS-PAGE
according to the manufacturers’ protocol (Invitrogen, Carls-
bad, CA, USA). Following electrophoresis, proteins were
transferred to an immobilon polyvinylidine fluoride (PVDF)
membrane for 2 h at a constant 200 V, using an Xcell II blot

Fig. 1 Experimental protocol. The control group received only the
vehicle of the drugs. In order to induce DM, male Wistar rats were
administered a single dose of 70 mg/kg STZ i.v., followed by repeated
vehicle injections. The DM group in which GGC was simulated (DM-
GGC), received 60 U/kg of lente insulin s.c., daily, starting on the
14th day. In the DM group in which PGC of diabetes was simulated
(DM-PGC), animals received ultralente insulin at 60 U/kg s.c., every
second day. Two weeks after the start of insulin treatment (or
corresponding vehicle), all rats were anaesthetised with i.p. injections
of thiopental sodium and killed
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module system (Invitrogen). After transfer, PVDF mem-
branes were incubated with a blocking buffer consisting of
TRIS-buffered saline (TBS) and 3% (wt/vol.) non-fat dry
milk for 1 h at room temperature (RT), then washed with
washing buffer (TBS/0.05% [vol./vol.] Tween 20). The
membrane was incubated with primary antibody against
PAR (monoclonal antibody; Calbiochem, San Diego, CA,
USA, 1:2,000, overnight at 4°C). The membranes were then
incubated with horseradish peroxidase-conjugated anti-mouse
secondary antibodies at a dilution of 1:2,000 for 1 h at RT.
The blots were then developed using the enhanced chemilu-
minescence method (Amersham, Arlington Heights, IL,
USA). Densitometry was performed by ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Immunohistochemistry Anti-nitrotyrosine (NT) rabbit poly-
clonal antibody (Upstate Biotechnology, Lake Placid, NY,
USA; 1:80, 4°C, overnight) was used to stain 3-nitrotyrosine,
the marker of tyrosine nitration. The level of lipid peroxidation
was estimated by using anti-4-hydroxy-2-noneal (HNE) rabbit
polyclonal antibody (Calbiochem; 1:200, 4°C, overnight). The
detection of PAR was performed by using mouse monoclonal
anti-PAR antibody (Tulip Biolabs; 1:100, 4°C, overnight) after
antigen retrieval (0.1 mol/l citrate buffer, pH 3, cooking in a
microwave oven for 15 min). Non-specific labelling was
avoided by incubating the sections in 15% normal goat/horse
serum for 1 h at RT. Secondary labelling was achieved by
using biotinylated anti-mouse horse or anti-rabbit goat
antibody (Vector Laboratories, Burlingame, CA, USA;
30 min, RT). Horseradish peroxidase conjugated avidin
(30 min, RT) and diaminobenzidine (6 min, RT) were used
to visualise the labelling (Vector Laboratories). The enzymatic
reaction was enhanced with nickel–cobalt to give a black
precipitate, and the sections were counterstained with Nuclear
Fast Red.

Bone marrow smears were fixed in methanol. After
rehydration NT and PAR immunohistochemistry was
performed as described above.

The degree of HNE and NT staining (scale of 1–10) was
determined by an investigator blinded to the experimental
groups. To count the percentage of NT-positive cells, at
least 300 cells were counted on each smear. To measure the
level of PAR accumulation, a semi-quantitative PAR score
was established on a scale of 1–10 and the sections and
smears were evaluated by a blinded experimenter. Score 1
was defined as no staining, 2 as light cytoplasmic staining,
3 as strong cytoplasmic staining, 4 as cytoplasmic staining
with a few positive nuclei, 5 as approximately 50% positive
nuclei, 6 as approximately 75% positive nuclei, 7 as general
nuclear staining with a few negative cells, 8 as all the nuclei
positive, 9 as a strong nuclear staining in all cells, 10 as a
very strong general nuclear staining in all cells.

Results

The blood glucose levels of the untreated control rats
showed only a very slight circadian rhythm between
7.2±0.8 mmol/l and 8.5±0.3 mmol/l. The animals in the
untreated DM group were markedly hyperglycaemic; their
blood glucose levels fluctuated between 28.8±5.6 mmol/l and
46.4±4.2 mmol/l. DM-GGC animals, similarly to untreated
control rats, showed only slight circadian changes between
5.6±1.1 mmol/l and 11.5±8.4 mmol/l. Although this fluctu-
ation due to insulin treatment does not follow the circadian
changes of healthy animals, the blood glucose levels of these
animals never exceeded the normal levels. In the DM-PGC
group, blood glucose levels changed between 11.3±1.5 and
43.4±3.1 mmol/l (Fig. 2). In the DM group, the glucose
AUC was significantly higher than in the other three groups
(1,856±44 vs control: 382±8, DM-GGC: 399±62, DM-
PGC: 1,323±73, p<0.001). In addition, glucose AUC was
significantly higher in the DM-PGC group than in the
control and DM-GGC group (p<0.001; Fig. 2). Fructos-
amine levels in the DM group were significantly higher than
in the control group (204±63 μmol/l vs 709±162 μmol/l,

Fig. 2 Blood glucose profiles of control rats and DM rats with PGC or
GGC. a After 10 days of insulin treatment, the blood glucose levels of
the animals were monitored for 48 h; the collection of samples started
immediately before insulin dosage and was repeated every 6 h. Black
diamonds, control (non-diabetic) rats; black squares, DM rats; white

triangles, DM-GGC rats; white circles, DM-PGC rats. Values are
means±SEM. b Total glucose AUC in the four animal groups. Values
are means±SEM. ***p<0.001 vs control; †p<0.001 vs DM; ‡p<0.001
vs DM-GGC. c Fructosamine levels of the four experimental groups.
Values are means±SEM. *p<0.05 vs control; **p<0.01 vs DM
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p<0.05). Fructosamine levels of DM-GGC and DM-PGC
groups were similar to the control group and were signifi-
cantly lower than in the DM group (709±162 μmol/l vs
95±45 μmol/l, p<0.01 and 166±49 μmol/l, p<0.01,
respectively) (Fig. 2). The Pearson coefficient between
AUC and fructosamine was 0.72, p<0.001.

Experiments conducted on vascular rings showed a
marked impairment in the phenylephrine-induced contrac-
tions and in the acetylcholine-induced, endothelium-
dependent relaxations in the DM-PGC group (Fig. 3). The
latter effect is probably related to a reduced ability of the
vascular endothelium to produce NO in response to
acetylcholine, and not due to a reduced ability of the vascular
smooth muscle to relax to NO, because the relaxant effect of
the NO donor sodium nitroprusside was not attenuated (data
not shown).

Immunohistochemical analysis showed that the most
pronounced PARP activity was localised in the endothelium
of the DM-PGC animals (4.8±0.7 vs DM-GGC: 2.0±0.3;
Fig. 4). Similarly a tendency for a stronger HNE staining was
seen in the DM-PGC group, although the differences did not
reach the level of significance (control: 3.4±0.3, DM: 5.1±

1.3, DM-GCC: 4.3±1.2, DM-PGC: 5.5±1.3). NT immuno-
histochemistry did not reveal any significant difference
between the experimental groups. When western blots
involving whole aortic homogenates were tested, the amount
of poly(ADP-ribosyl)ated proteins was highest in the untreat-
ed diabetic group, and was lower in the diabetic animals
treated with short- or long-lasting insulin. However, there was
a 50 kDa poly(ADP-ribosyl)ated band that was more
pronounced in the poorly insulin controlled diabetic animals
than in the diabetic animals without insulin treatment (Fig. 4).

There was a marked increase in PARP activity in the
circulating leucocytes in the DM rats, as evidenced by flow
cytometry (Fig. 5). This effect was reversed with insulin
treatment in the DM-GGC group. Interestingly, the severely
fluctuating hyperglycaemia in DM-PGC animals did not
attenuate PARP activity compared with DM-GGC animals
or with the control rats (Fig. 5).

The immunohistochemical analysis of bone marrow smears
showed increased numbers of NT-positive cells in DM and
DM-PGC groups compared with the control group (8.9±0.6%
and 8.4±0.6% vs 3.7±0.9%, respectively, p<0.01). The
strongest PAR staining was found in the DM group.
Although in diabetic animals insulin treatment in DM-GGC
decreased PAR positivity, in DM-PGC it did not exert a
similar effect (Fig. 6).

Discussion

Endothelial dysfunction plays an important role in the
development of macro- and microvascular complications of
diabetes. In various models of diabetes, increased blood
glucose level is strongly linked to the pathophysiological
changes leading to vascular dysfunction [12, 13]. In the
case of human studies, determination of intima–media
thickness of the common carotid artery is a generally
accepted marker of early atherosclerosis. In addition to
correlating with high fasting blood glucose levels and
plasma HbA1c levels, this marker is also shown to be
related to postprandial plasma glucose swings [8, 9].
Postprandial glucose swings are shown to be an indepen-
dent factor of atherosclerosis not only in diabetic patients
but also in individuals with impaired glucose tolerance and
even in healthy individuals [1]. This observation suggests
that even short hyperglycaemic episodes may induce the
early steps of pathophysiological events in the vasculature
[24]. In vitro studies suggest that glucose swings induce
more severe renal fibrogenesis than stable high glucose [25].
In non-obese type 2 diabetic (Goto–Kakisaki) rats, repeti-
tive fluctuations in blood glucose induced by fractionated
feeding was shown to enhance monocyte adhesion to the
endothelium of the thoracic aorta, even if these animals had
lower HbA1c levels than their litter mates fed ad libitum.

Fig. 3 Effects of insulin treatment on contractile and endothelium-
dependent relaxant function of the thoracic aorta. Phenylephrine-induced
contractions (10 nmol/l–30 μmol/l) were obtained in resting vascular
rings (a), whereas endothelium-dependent relaxations to acetylcholine
(1 nmol/l–30 μmol/l) were obtained in rings pre-contracted with
phenylephrine (1 µmol/l) (b). Black diamonds, control (non-diabetic)
rats; black squares, DM rats; white triangles, DM-GGC rats; white
circles, DM-PGC rats. Values are means±SEM. *p<0.05 DM-PGC vs
control
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This increase is inhibitable by reducing postpandrial
hyperglycaemia with phloridzin (sodium–glucose co-
transporter inhibitor), nateglinide (insulin secretagogue) or
insulin [26, 27]. Similar effects of glucose swings were
observed in apolipoprotein E-deficient mice, which was
inhibited by the α-glucosidase inhibitor miglitol [28]. In
type 2 diabetic patients having similar HbA1c levels,
the 24 h urinary excretions rates of unbound 8-iso-
prostaglandin F2α correlates with the mean amplitude of
glycaemic excursions but not with HbA1c or fasting glucose
levels [29]. In healthy individuals and type 2 diabetic
patients, oscillating glucose, over a period of 24 h, was
found to be more damaging to endothelial function than
stable, constant high glucose. At peak glucose values, this
is true not only when an individual is exposed to the same

total amount of glucose for 24 h, but also even when the
total amount is higher. Oxidative stress was shown to play a
key role in this phenomenon [30]. Although significant
work has been conducted to address the questions, whether
the short hyperglycaemia itself or the exaggerated changes
(‘swings’) in blood glucose level are more important as risk
factors for endothelial dysfunction and how oxidative stress
is involved, remained unanswered and were, therefore,
investigated in the present study.

In our experiments endothelium-dependent relaxation
was measured at about average blood glucose levels of each
experimental group. The results demonstrated that diabetic
rats that received insulin every 2 days (resulting in large
fluctuations in blood glucose levels, to mimic a ‘poor
glycaemic control’ type situation), exhibited the most

Fig. 4 PARP activation in the
aortic wall. Effect of DM with
GGC or PGC on PARP activa-
tion in the different layers of the
aortic wall. a PAR score of the
aortic wall. The strongest PAR
staining in the endothelial layer
of the aorta was observable in
DM-PGC rats. ‡ p<0.01 for
DM-GGC vs DM-PGC rats.
b Representative immunohisto-
chemical aorta sections stained
with anti-PAR antibody. Positive
staining is represented in black;
red coloured Nuclear Fast Red
was used as counterstain. Scale
bar, 50 μm. Arrows show
positive nuclei. c Densitometric
analysis of the PAR western
blots of aortic walls. ID, relative
image density (% of untreated
control, which is considered
100%). White columns, control
rats; black columns, DM rats;
hatched columns, DM-GGC
rats, grey columns, DM-PGC
rats. The highest amount of poly
(ADP-ribosyl)-ated proteins can
be seen in the diabetes group.
PARP hyper-PARylation was
similar in all experimental
groups. However, the degree of
PARylation of proteins about
50 kDa was the highest in the
DM-PGC animals. Values are
means±SEM. *p<0.05 vs
control, †p<0.05 vs DM. d, e
Representative PAR western
blots of aortic walls
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impairment in their acetylcholine-induced endothelium-
dependent vascular relaxation of the thoracic aorta. This
endothelial dysfunction developed, even though, on aver-
age, these animals had significantly lower mean blood
glucose level than the diabetic rodents without any insulin
treatment (rings from animals that belonged to this latter
group exhibited a relaxant capability similar to those of the
non-diabetic control rats). These results suggest that the
oscillation of blood glucose level itself is a more important
contributor to the loss of endothelial function in diabetes
than the average level of mean blood glucose level per se.

Aggressive glycaemic control of diabetic patients is
known to reduce the risk of the development of late
complications [31]. HbA1c, one of the most frequently used
clinical markers of glucose homeostasis, correlates with the
average of blood glucose levels of 6–8 weeks prior testing

(i.e. it correlates with the ‘area under the curve’, and is not
sensitive to the spikes and swings that occur in these
patients). Based on data in the literature, as well as from the
results of the current study, it appears that fructosamine
behaves in a similar fashion. It is interesting to note in this
context that recent studies showed that pre-breakfast blood
glucose level has the closest correlation to HbA1c, and the
relative contribution of postprandial blood glucose concen-
trations to HbA1c decreases in patients with PGC [32].
Boland et al., using a continuous glucose monitoring
system, revealed profound postpandrial hyperglycaemia in
paediatric patients with type 1 diabetes despite excellent
HbA1c levels [33]. With frequent, or even continuous
monitoring of blood glucose levels and frequent adminis-
tration of insulin (or by ‘insulin clamping’ using insulin
pumps), postprandial glucose spikes can be prevented.
Based on the current results, we speculate that a potentially
more effective way of preventing diabetic complications
would be by the use of a continuous glucose-monitoring/
insulin-supply system.

In various models of diabetes, oxidative, nitrosative
stress and PARP activation have been shown to play
important roles in the pathogenesis of diabetic complica-
tions [10–17, 21, 34]. In diabetic rats, pharmacological
inhibition of PARP not only prevents, but also reverses
endothelial dysfunction [12]. There are in vitro findings
showing that oscillations in blood glucose concentration,
themselves, can provoke increased free radical formation
and consequent PARP activation, culminating in patholog-
ical changes in the vascular endothelium, leading to
endothelial dysfunction [19, 35, 36]. Our in vivo findings
are consistent with in vitro studies in cultured human
umbilical vein endothelial cells, in demonstrating that rapid
glycaemic swings result in the most substantial increase in
vascular PARP activation. In the in vitro studies, the
endothelial PARP activation was generally attributed to
increased formation of reactive oxygen and nitrogen
species. However, in the current study, the extent of
vascular PARP activation did not show any correlation
with vascular NT staining (a marker of peroxynitrite
formation), and only a slight and non-significant correlation
with changes of vascular HNE (an index of reactive oxidant
formation). It is possible that the reactive species respon-
sible for vascular PARP activation are not generated in the
vascular wall itself, but may be derived from other sources,
for instance circulating cells (see below). It is also possible
that PARP activation in the vasculature of the DM-PGC
group is not driven by reactive species formation, but by
other mechanisms. In this context it is relevant to note that
there are many endogenous factors (from kinases to
intracellular calcium to various hormones) that can modu-
late PARP activity independently of DNA breakage and
reactive oxygen and nitrogen species [37, 38].

Fig. 5 Flow cytometric analysis of circulating leucocytes. Effect of
diabetes and insulin treatment with lente and ultralente insulin on
PARP activation in circulating leucocytes of control rats and DM rats
with GGC or PGC. a Mean fluorescence intensity of R1 cells
(lymphocytes) stained with anti-PAR antibody. Diabetes caused a
significant increase in the PAR content of these cells. Insulin treatment
significantly reduced this effect. Values are means±SEM. *p<0.05,
**p<0.01 between the appropriate experimental groups, as indicated.
b Representative flow cytometric measurement of PAR-stained
circulating lymphocytes. FL1-H shows the fluorescence intensity of
cells. ‘Counts’ means the number of cells having certain fluorescence
intensities. Black, control non-diabetic animals; red, DM animals
without insulin treatment; blue, DM-GGC (achieved with lente
insulin); green: DM-PGC (achieved with ultralente insulin)
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Interestingly, when western blots involving whole aortic
homogenates were tested, the overall amount of poly(ADP-
ribosyl)ated proteins was lower in the diabetic animals treated
with either short- or long-lasting insulin. These assays involve
homogenates that include a limited amount of endothelial
cells, together with significant amounts of vascular smooth
muscle cells. Therefore, this assay is unable to detect
endothelial-specific PARylation. Nevertheless, it was interest-
ing to note that there was an 50 kDa poly(ADP-ribosyl)ated
band that was more pronounced in DM-PGC animals than in
the DM animals without insulin treatment (Fig. 4). The
identity of this particular protein would be of significant
interest, and is the subject of current investigations.

In diabetic patients, oxidative and nitrosative stress is not
restricted to various regions or organs: it is a systemic
phenomenon. Elevated levels of NT can be observed in the
plasma of diabetic patients [39, 40]. Thus, not only
endothelial cells, but also circulating leucocytes can be
sources and targets of reactive species. Glucose-induced
free radical formation in circulating leucocytes has been
proposed to contribute to the development of atherosclero-
sis [41]. Adaikalakoteswari et al. showed that PARP
activity in peripheral blood lymphocytes is elevated in
patients with type 2 diabetes compared with healthy
controls [42]. On the contrary, Tempera et al. reported the
opposite [43]. Although they observed increased PARP-1
mRNA content in circulating mononuclear cells of type 2
diabetic patients, they measured decreased PARP-1 activity
in these cells [42]. In our experimental conditions we found

an increase in PARP activation of circulating leucocytes in
a rat model of type 1 diabetes. The highest PAR content of
isolated lymphocytes was found in the untreated diabetic
group. In contrast to the endothelial PARP activation,
which was only normalised in the diabetic rats with GGC,
PARP activation in circulating leucocytes was normalised
by insulin treatment, in both the GGC and PGC rats. On the
other hand, in the case of bone marrow cells, similarly to
the endothelial cells, the degree of nitrosative stress and
PARP activation was only reduced in the rats with GGC,
but not in the rats with PGC. One possibility to explain
these findings is that leucocytes with the highest degree of
PARP activation die and are eliminated from the circula-
tion, and hence are absent from our analysis.

A recent study by our group investigating the effect of
insulin in the context of stress-induced hyperglycaemia in a
rat model [44] may be relevant in the context of the current
study. In that study, systemic lipopolysaccharide treatment
caused hyperglycaemia and PARP activation in circulating
leucocytes. Insulin administration prevented the elevation
of blood glucose level and also PARP activation [44]. We
also confirmed in vitro that insulin does not have any major
direct effects on PARP activity in cultured cells in vitro
[42], suggesting that the effects of insulin on PARP
activation in the current study are indirect, most likely the
consequences of the modulation of reactive oxygen and
nitrogen species production in the vasculature.

As HbA1c and fructosamine measurements do not reflect
the frequency and severity of glycaemic swings (see

Fig. 6 a Per cent of NT-positive
bone marrow cells. Increased
numbers of NT-positive cells
were observed in DM animals
and in the DM-PGC animals
(treated with ultralente insulin).
Values are means±SEM.
**p<0.01 vs control. b PAR
positivity scores of bone marrow
cells. The strongest PAR stain-
ing was found in the DM group
(without insulin treatment).
GGC with lente insulin treat-
ment reduced PAR positivity,
while PGC with ultralente
insulin treatment failed to have a
similar effect. Values are
means±SEM. **p<0.01
vs control, †p<0.01 vs DM.
c Representative NT and PAR
immunohistochemisty of bone
marrow smears. Black repre-
sents positive labelling. Red
coloured Nuclear Fast Red
served as counterstain. Scale
bar, 50 μm. Arrows show the
NT-positive bone marrow cells
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above), the clinical introduction of a plasma or blood
marker for such swings may be of potential diagnostic and
predictive value. Currently, no such marker is available. As
shown in the current study, circulating leucocyte PARP
activation may not be suitable for such purpose. In fact, we
have previously conducted PAR staining in skin biopsies in
humans, and they, indeed, correlate with the degree of
endothelial dysfunction in the patients [45]. However, skin
biopsies are unlikely to be useful for routine diagnosis in
patients with diabetes. Additional studies are needed to
identify markers suitable to detect glycaemic swings,
preferably ones that are simple and can be conducted
through blood-sample analysis.

Our findings indicate that exaggeratedly changing blood
glucose levels, regardless of their effect on average blood
glucose levels, cause a significant impairment of vascular
function. Such changes may contribute to the development of
diabetic macrovascular complications. Based on the current
findings, we propose that systemic increases in free radical
formation and PARP activation induced by oscillating blood
glucose level may be involved in this phenomenon.
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